ABSTRACT The 18.5 kDa isoform of myelin basic protein (MBP) is a peripheral membrane protein that maintains the structural integrity of the myelin sheath of the central nervous system by conjoining the cytoplasmic leaflets of oligodendrocytes and by linking the myelin membrane to the underlying cytoskeleton whose assembly it strongly promotes. It is a multifunctional, intrinsically disordered protein that behaves primarily as a structural stabilizer, but with elements of a transient or induced secondary structure that represent binding sites for calmodulin or SH3-domain-containing proteins, inter alia. In this study we used solidstate NMR (SSNMR) and Fourier transform infrared (FTIR) spectroscopy to study the conformation of 18.5 kDa MBP in association with actin microfilaments and bundles. FTIR spectroscopy of fully 13 C, 15 N-labeled MBP complexed with unlabeled F-actin showed induced folding of both protein partners, viz., some increase in b-sheet content in actin, and increases in both a-helix and b-sheet content in MBP, albeit with considerable extended structure remaining. Solid-state NMR spectroscopy revealed that MBP in MBP-actin assemblies is structurally heterogeneous but gains ordered secondary structure elements (both a-helical and b-sheet), particularly in the terminal fragments and in a central immunodominant epitope. The overall conformational polymorphism of MBP is consistent with its in vivo roles as both a linker (membranes and cytoskeleton) and a putative signaling hub.
INTRODUCTION
The 18.5 kDa isoform of myelin basic protein (MBP) is one of the major protein components in human adult central nervous system (CNS) myelin, where it maintains the tight multilamellar packing of the sheath by adhesion of the cytoplasmic faces of the oligodendrocyte membrane in close apposition. It is an intrinsically disordered protein (IDP) (1, 2) that is believed to be multifunctional because it also interacts with a diversity of other proteins and ligands, principally calmodulin (CaM), actin, tubulin, and SH3-domain containing proteins (3) (4) (5) (6) . The associations of MBP with lipids and other proteins are modified by a ''dynamic molecular barcode'' of combinatorial posttranslational modifications, primarily single-site methylation, and multisite deimination and phosphorylation (5, 7) .
IDPs have extended conformations that offer a large effective surface area for target interaction, and their intermolecular associations may involve preformed structural elements, such as a-helices, and/or an induced fit, i.e., coupled folding and binding (8) (9) (10) . The 18.5 kDa MBP isoform first displays a disorder-order transition by association with the myelin membrane, and several segments form a-helices as ascertained by numerous spectroscopic studies (circular dichroism (CD) (11) , electron paramagnetic resonance (EPR) (12, 13) , and solution NMR (14, 15) ). Solid-state NMR studies of rmMBP reconstituted with lipid vesicles have revealed that at least a third of the protein remains disordered in association with lipids (16) . These regions of the protein may be available for association with CaM or SH3-domains, where a localized target may undergo an induced fit according to the generalized molecular recognition fragments (MoRF) paradigm postulated by Mohan et al. (17) . The a-helix forming segments of MBP were initially postulated to be canonical CaM-binding targets (18, 19) , but both EPR and solution NMR spectroscopy indicate that the entire protein interacts with CaM and that the carboxy-terminus of MBP appears to be the primary binding site, but not necessarily in a canonical way (15, 19) . The association of MBP with SH3-domains appears to be mediated by the transient or induced formation of a polyproline type II helix (6) .
The interaction of the 18.5 kDa MBP isoform with actin is the subject of this study. In vitro, MBP interacts with G-actin to cause it to polymerize into filaments (F-actin), even under otherwise nonpolymerizing conditions, and to assemble these F-actin fibers into bundles (20, 21) . The polymerization and bundling activities of MBP can be reversed by the calcium-dependent binding of MBP to CaM (20) (21) (22) , and are modulated by deimination, methylation, and phosphorylation (4, 23, 24) . Additionally, it has been shown that MBP is capable of binding actin and anionic phospholipid bilayers simultaneously (4, 22, 23) , indicating that MBP could potentially serve as a link between microfilaments and the cytoplasmic leaflet of the oligodendrocyte membrane. Similarly, MBP polymerizes and bundles microtubules (25, 26) , and may also tether microtubules to the membrane or to actin microfilaments (3) .
The conformation of MBP in association with actin (MBP-F-actin bundles) can be studied by means of solidstate NMR (SSNMR) spectroscopy. Magic angle spinning (MAS) SSNMR spectroscopy of nonoriented samples can be used to determine complete three-dimensional (3D) arrangements of insoluble and noncrystalline peptides and proteins (27) (28) (29) (30) (31) (32) (33) . We recently applied SSNMR spectroscopy to 18.5 kDa rmMBP reconstituted with lipid vesicles, thereby emulating the physiological environment and mimicking the lipid-protein electrostatic and hydrophobic interactions (16) . Here, we use MAS SSNMR and Fourier transform infrared (FTIR) spectroscopy to demonstrate that the association of rmMBP with actin induces the formation of ordered secondary structure elements, albeit with some degree of polymorphism and disorder. This conformational ''fuzziness'' probably allows MBP to interact simultaneously with lipids and actin, as well as with CaM, SH3-domains, tubulin, and various modifying enzymes. 
MATERIALS AND METHODS

Materials
Expression and purification of rmMBP
The unmodified 18.5 kDa recombinant murine MBP isoform (rmMBP, or component rmC1, with a C-terminal LEH 6 tag) was expressed in Escherichia coli and purified by nickel-affinity chromatography as described previously (34, 35 ). An additional step of ion exchange chromatography served to remove minor contaminating material (36) . Protein eluate from the column was dialyzed (using tubing with an Mr cutoff of 6000-8000) twice against 2 L of buffer (50 mM Tris-HCl, pH 7.4, 250 mM NaCl), twice against 2 L of 100 mM NaCl, and finally four times against 2 L of ddH 2 O. Uniformly 13 C, 15 N-labeled protein was cultured in cells grown in M9 minimal media (37) . The protein concentration was determined by measuring the absorbance at 280 nm, using the extinction coefficient 3 ¼ 0.627 Lg À1 cm
À1
for rmMBP (as calculated by SwissProt for protein in 6.0 M guanidium hydrochloride, 0.02 M phosphate buffer, pH 6.5). The purity of the protein preparation was assayed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE), and the results (a major band representing undegraded, unmodified rmMBP) were consistent with our previous investigations (34, 35) .
Purification of actin from chicken muscle
Chicken muscle acetone powder was prepared, and actin was extracted from 8 g of it at a time as described elsewhere (38) . The purity of the actin was checked using matrix-assisted laser desorption/ionization time-of-flight mass spectrometry, supported by SDS-PAGE, and it was clear that no further purification steps were required. Protein concentration was determined by measuring the absorbance at 280 nm, using the extinction coefficient
. The polymerization activity of the globular actin was assessed using salt (50 mM KCl, 1 mM EGTA, and 2 mM MgCl 2 ). The solution was kept for 1 h at room temperature, and then centrifuged for 20 min at 340,000 Â g to collect polymerized actin. The actin content in both the supernatant and pellet was assessed using SDS-PAGE. In addition, an equivalent volume of the G-actin stock was centrifuged at the same speed and for the same time, and SDS-PAGE of the supernatant and pellet was used to check for actin content. The active protein suspended in Gbuffer (2 mM Tris, pH 8.0, 0.2 mM ATP, 0.2 mM CaCl 2 , and 0.2 mM 2-mercaptoethanol) was then aliquoted into 1.5 mL microfuge tubes, flash frozen in liquid nitrogen, and stored at À80 C.
NMR sample preparation
Protein samples were prepared for SSNMR spectroscopy in two different ways. In sample 1, the labeled rmMBP was allowed to interact with G-actin in the presence of polymerizing salts (50 mM KCl, 1 mM EGTA, and 2 mM MgCl 2 ). In sample 2, G-actin was first polymerized into filaments by salt, and then labeled rmMBP was added to bundle it into larger assemblies.
In sample 1, freeze-dried rmMBP was dissolved in G-buffer (2 mM Tris, pH 8.0, 0.2 mM ATP, 0.2 mM CaCl 2 , and 0.2 mM 2-mercaptoethanol) and mixed with G-actin in G-buffer to a final G-actin concentration of 10 mM and a [G-actin]/[rmMBP] molar ratio of 1:1.6. To obtain more compact bundles, KCl (from a 3 M stock solution) was added dropwise to the initial rmMBP preparation before mixing it with G-actin, to give a final KCl concentration of 50 mM. The solution was incubated at room temperature overnight to ensure complete polymerization to F-actin and bundling of the microfilaments by the rmMBP, and was then centrifuged for 1 h at 205,000 Â g to collect the bundles. The pellet was then centrifuged for 20 min at 340,000 Â g before it was packed into a regular wall 3.2 mm MAS rotor for NMR measurements. The total amount of rmMBP packed into the rotor was~6 mg. This amount was obtained from a pellet with a total protein content of 15 mg (actin þ MBP), and it filled the whole volume of the rotor (20 mL).
Sample 1 showed some branching at the boundaries of formed bundles under the electron microscope. To further quantify probable inhomogeneity introduced by this branching, we used salt-polymerized actin at a higher KCl concentration to produce more compact bundles in sample 2. For this sample, G-actin was first polymerized into F-actin by addition of KCl to a final concentration of 50 mM, along with 1 mM EGTA and 2 mM MgCl 2 . To ensure maximal polymerization, the final solution was incubated overnight at room temperature. Freeze-dried rmMBP was dissolved in G-buffer containing 50 mM KCl, 1 mM EGTA, and 2 mM MgCl 2 . Both solutions were mixed together, and the KCl concentration was raised to 75 mM to enhance bundle compactness. The sample was incubated for 4 h at room temperature, initially centrifuged for 30 min at 600 Â g to collect the bundles, and finally centrifuged for 20 min at 340,000 Â g. The resulting compact pellet (with a final rmMBP content of~9 mg) was then center-packed between two cylindrical Vespel inserts into a Bruker thin-walled MAS rotor. The rotor has a total volume of 60 mL and the sample was packed into 44% of this volume to minimize the radiofrequency field inhomogeneity at both edges of the rotor.
Transmission electron microscopy
Transmission electron microscopy (TEM) was used to examine the morphology of the rmMBP-actin assemblies before NMR analysis. The samples used for TEM measurements were prepared in exactly the same way as both NMR samples, without the last two centrifugation steps, and were also diluted four times with G-buffer. The samples were negatively stained with uranyl acetate, dried, and examined on a Philips CM10 transmission electron microscope.
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FTIR spectroscopic measurement of hydrogen-deuterium exchange FTIR spectroscopy was performed on a Bruker IFS66vs spectrometer equipped with a diamond attenuated total reflection (ATR) cell operating at 4 cm À1 resolution. The rmMBP-actin assembly was prepared exactly the same way as for sample 2, except without the last two centrifugation steps.
To distinguish the vibrational bands of rmMBP from those of actin, uniformly 13 C, 15 N-labeled rmMBP was used in the preparation of the FTIR sample. The sample was suspended in 10 mL H 2 O-based G-buffer, spread evenly onto the diamond prism, and dehydrated completely under vacuum for 10 min. An absorption spectrum was taken on the dry film. The dry film was then incubated with 10 mL of D 2 O and sealed to prevent D 2 O evaporation exchange with the atmosphere during the measurement time. A series of absorption spectra were recorded at different times after exposure to D 2 O under the ''rapid scan'' mode. The time base extended over a course of 6 h. The measurements were done as follows: First, 100 measurements with zero delay were performed during the first 20 s. After that, another 100 measurements with 10 s delays between consecutive measurements were done during the next 17 min. The last stage of 160 measurements had 120 s delays between consecutive measurements for the rest of the 6 h. Each measurement was done as an average of four scans (total scan time of 200 ms). The first 100 measurements were considered to have an effective delay of 200 ms, and the rest of the 360 measurements were corrected to reflect the scan time. The timescale of the FTIR measurements was referenced to the moment when D 2 O was added to the sample. All spectra were normalized by the integrated peak intensity of the amide I band, to correct for the reduction in intensity due to swelling of the sample after the addition of D 2 O. The normalization was done by multiplying each spectrum by the ratio of the integrated intensity of the amide I band of the spectrum before adding D 2 O to that of each respective spectrum. An in-house-written FORTRAN script was used to carry out this normalization. The normalization of FTIR spectra was only necessary to display the data better in the early stages of exchange, by eliminating the fast-decaying component as a result of swelling. To extract all time constants of swelling, as well as exchange processes in rmMBP and actin, a global exponential fitting to all spectra in the range of 1350-1700 cm À1 was done.
NMR spectroscopy
All experiments were performed on Bruker Avance III spectrometers (Bruker BioSpin, Karlsruhe, Germany)-one operating at 600. (39) (40) (41) . The one-dimensional (1D) 13 C spectra were collected at 800 MHz 1 H frequency, using either through-space cross-polarization (CP) (42, 43) or through-bond insensitive nuclei enhanced by polarization transfer (INEPT) (44) excitations. In both cases, a proton field of 77 kHz was applied for SPINAL-64 decoupling (45) . All 1D spectra presented in this work were measured on sample 1.
The two-dimensional (2D) 13 C-13 C correlation spectra were measured with the 13 C- 13 C mixing accomplished using either through-space dipolar assisted rotational resonance (DARR) (46) or SPC5 3 (47,48) mechanisms, or through-bond correlation spectroscopy (TOBSY) (49, 50) .
The through-space DARR and SPC5 3 spectra were acquired on both samples 1 and 2 at a MAS rate of 12 kHz on the 600 MHz spectrometer, with a recycle delay of 2.9 s. The DARR mixing was of 50 ms duration. The band-selective through-space SPC5 3 irradiation was 1.26 ms, which is sufficient to generate one-bond transfers. The 100 kHz CW proton decoupling was applied during mixing. The through-bond TOBSY (49,50) experiment was modified to start with 1 H/
13
C CP and a p/2 13 C pulse to ensure that both mobile and immobile parts of the spectra were excited with maximum efficiency.
The TOBSY spectrum was collected from sample 2 on the 800 MHz Bruker Avance III spectrometer at a MAS rate of 14.3 kHz and with a pulse delay of 1.7 s. The TOBSY mixing was performed using the P9 1 6 sequence (50) with a total irradiation time of 8.4 ms. Continuous-wave (CW) proton decoupling of 100 kHz was applied during mixing. The 13 C carrier frequency was set to 40 ppm. Additional experimental parameters are given in the figure captions. Carbon chemical shifts were indirectly referenced to 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS) through the 13 C adamantane downfield peak resonating at 40.48 ppm (51). The nitrogen chemical shifts were referenced indirectly by using the ratio of g N /g C ¼ 0.402979946, taken without temperature factor correction (52) . All temperature values reported here represent the temperature of the cooling gas in the close vicinity of the sample. All 2D spectra were processed with NMRPipe (53).
RESULTS AND DISCUSSION
Sample preparation: mass spectrometry, SDS-PAGE, and TEM Actin was prepared from chicken skeletal muscle using standard protocols (38) . The purity of actin was characterized using mass spectrometry, which indicated one band at 42.027 kDa corresponding to singly ionized monomers, another band corresponding to doubly ionized monomers, and two extra bands corresponding to singly and doubly ionized dimers (results not shown). The measured molecular mass was quite close to that of the full-length unmodified chicken actin (377 residues, 42.051 kDa), and was slightly higher than for the mature a-skeletal actin, which is modified by N-terminal deletion of two residues and has a reduced molecular mass of 41.817 kDa (Swiss-Prot database entry P02568). The absence of a 38 kDa band showed that the final actin product was highly pure and not affected by proteolysis (38) .
The polymerization and bundling of actin by salts or by rmMBP was assessed by SDS-PAGE. Lanes 1 and 2 in Fig. 1 A show single protein bands corresponding to actin and rmMBP, respectively, whereas lanes 3 and 4 demonstrate that essentially all actin remains in the supernatant upon ultracentrifugation and is in the globular form in the G-buffer. It is polymerized by salts (lanes 5 and 6) and is therefore biologically active. The evaluation of rmMBP/Gactin interactions and stoichiometry of rmMBP/actin binding is shown in Fig. 1 B (lanes 7-12) . We found that rmMBP induces polymerization and bundling of G-actin in a molar ratio of 1:1.6 of G-actin/rmMBP, in agreement with previous measurements (20, 21) . This stoichiometry is different if rmMBP interacts with filamentous actin polymerized by salts (Fig. 1 C) . In this case, the interaction occurs in a 1:1 molar ratio (lanes 15 and 16) .
The morphology of the rmMBP/F-actin assemblies was examined by means of TEM on fourfold-diluted and negatively stained (with uranyl acetate) samples. The TEM experiments were performed on two samples (described in detail in Materials and Methods): G-actin polymerized and bundled with rmMBP (sample 1), and G-actin polymerized with salts to form F-actin, which was then bundled with rmMBP (sample 2). The electron micrographs of sample 1 (Fig. 2) showed large bundles that appear to be ordered, along with pronounced branching of many filaments at the boundaries of these bundles. The appearance of these bundles in sample 1 suggests that there could be some microscopic structural inhomogeneity associated with the branching.
On the other hand, micrographs from sample 2 (not shown) did not display the branching of filaments at the boundaries of the bundles, indicating that the bundles were more compact than the ones in sample 1, in agreement with previously reported observations (23, 24) . As discussed below, SSNMR measurements, which are sensitive to the degree of microscopic order, yielded similar spectra for both samples, indicating the minor effect of the appearance of these filaments on the atomic level structural order.
Amide-proton exchange by FTIR spectroscopy
The amide-proton exchange of the rmMBP-F-actin samples was examined by FTIR spectroscopy to probe different timescale exchange processes, as well as the existence of different secondary structure elements in rmMBP. Previous FTIR (54) and solution NMR (55) studies of MBP in aqueous solution showed that MBP adopts an extended conformation without a significant proportion of regular secondary structure elements. Fig. 3 A shows two ATR FTIR spectra of rmMBP-F-actin films with the band assignments. To study amide-proton exchange separately in actin and in MBP, we used fully isotopically labeled rmMBP, which results in shifts of the C-and N-containing vibrational bands due to rmMBP to lower frequencies (up to 40 cm À1 ). In the dry film before the addition of D 2 O, the amide I and amide II bands for protonated actin and rmMBP dominate the spectrum. Amide I bands for actin indicate the presence of more than one type of secondary structure (a-helices, b-sheets, and b-turns, and extended structure), as can be inferred from the multiple peaks in the range of 1680-1615 cm À1 (56). This conclusion is also confirmed by the appearance of multiple amide II peaks in protonated actin 20) . The final actin concentration in all samples was 10 mM. The samples were mixed with loading dye at 1:1 volume ratio, reducing the actin concentration in all samples to 5 mM, and the rmMBP concentration was as indicated above. Lanes 7-20: 10 mL of sample were applied to each lane. FIGURE 2 TEM of rmMBP-actin bundles obtained at a 1:1.5 molar ratio of actin to rmMBP and negatively stained with uranyl acetate. The image was captured on a Philips CM10 transmission electron microscope, using a fourfold-diluted fraction of a preparation typical of that used for NMR spectroscopy.
Biophysical Journal 96(1) [180] [181] [182] [183] [184] [185] [186] [187] [188] [189] [190] [191] in the range of 1558-1533 cm À1 , especially shortly after the addition of D 2 O, when many overlapping bands due to the fast-exchanging extended structures are quickly removed in both actin and rmMBP. The two major amide I peaks at 1653 and 1631 cm À1 were previously assigned to a-helices and b-sheets of F-actin, respectively (57) . Of interest, in our spectra, the 1631 cm À1 peak corresponding to b-sheets dominates the spectra of rmMBP-associated actin, similar to membrane-associated actin but in contrast to free F-actin (57) . Thus, the FTIR results suggest that the interaction with MBP induces a higher content of b-sheets in F-actin, similar to the interaction with lipids in the presence of divalent cations.
The bands due to both deuterated rmMBP and actin in the amide II 0 region in the range of 1471-1400 cm À1 in Fig. 3 B give rise to at least six peaks. This large number of peaks indicates the presence of different types of secondary structure in deuterated actin (1471-1437 cm À1 ). In addition, the observation of more than one peak between 1437 and 1400 cm À1 implies the presence of different types of secondary structure elements in rmMBP in this assembly. Moreover, the bands due to extended structures of isotopically labeled rmMBP centered at 1400 cm À1 have a very fast buildup in the first second after the addition of D 2 O, much faster than the corresponding buildup rate for all actin bands in the range of 1471-1437 cm
À1
. At longer times, the amplitude at 1400 cm À1 comes to saturation, whereas the amplitudes of actin bands in the range of 1471-1437 cm À1 continue to increase. Fig. 3 C compares the experimental absorbances measured as a function of time after the addition of D 2 O, and the results of global exponential fitting. The absorbances were measured for the deuterated rmMBP amide II 0 band at 1400 cm À1 , corresponding to the random coil conformation, to the deuterated actin amide II 0 band at 1437 cm À1 , corresponding to b-sheet or extended structure, and to the deuterated rmMBP amide I 0 band at 1595 cm À1 for random coil. It should be noted that a substantial (>10 cm À1 ) deuteriuminduced downshift of the amide I band of rmMBP indicates the predominance of an extended (disordered) structure, as both a-helices and b-sheets display only minor shifts (58) . The values of absorbance reported in the plots in Fig. 3 C are the absolute values given without normalization. Although the initial intensity reduction, due to sample swelling after the addition of D 2 O, distorts the spectra in the initial time stage in all of the spectral ranges and hinders the accurate determination of time constants of exchange within the fast (subsecond) timescale, the rest of the time course can be used to differentiate proton-deuteron exchange processes in both rmMBP and actin. The buildup of absorbance at the three given frequencies shows that most of the rmMBP exchanges very quickly during the first 12 s after the addition of D 2 O and reaches a near-saturation state, as can be inferred from the small increase in amplitudes for both curves corresponding to rmMBP. Actin displays similar behavior in the initial 12 s, when it displays a pronounced increase in absorbance. However, during the rest of the time course, an even larger increase in absorbance is pronounced, indicating the continuity of exchange processes in actin in a longer timescale regime (of the order of 500 s).
The vibrational bands observed by FTIR spectroscopy are very sensitive to hydrogen bonding and couplings between transition dipoles, which makes it a very powerful technique for probing secondary structure in proteins, and for monitoring hydrogen-deuterium exchange by analysis of the amide II band (56, 59) . Protein-protein interactions (involving IDPs) are usually accompanied by conformational changes that range from local environmental changes to the induction of new secondary structure elements and induced folding (8) (9) (10) . Here, the FTIR spectra suggest the formation of secondary structure elements in rmMBP in complex with F-actin bundles. The large number of peaks in the amide II 0 region due to both actin and rmMBP indicate that actin, as is well known, contains all the different types of secondary structure elements, including a-helices, b-sheets, b-turns, and extended structures such as random coil. The remaining peaks (especially the one at 1417 cm À1 ) cannot be due to random coil or other extended structures in rmMBP. Moreover, the buildup of absorbance at 1417 cm À1 indicates that the polypeptide chain due to this band is more protected than the other part that gives rise to the band at 1400 cm À1 . This result indicates that a significant fraction of rmMBP in complex with F-actin gains some ordered secondary structure, and that more solvent-protected parts of the protein give rise to the band centered at 1417 cm À1 .
SSNMR spectroscopy-1D
C MAS experiments
SSNMR spectroscopy provides information on dynamics and sequence-specific formation of ordered secondary structure in actin-bound rmMBP. The temperature dependence of the intensities and resolution in the CP-MAS spectra demonstrate differential mobility in the protein. Two representative CP-MAS spectra measured at 280K and 250K (Fig. 4, A and B, respectively) differ in both intensity and resolution for all resonances. The low-temperature spectrum has a substantially higher intensity (by approximately a factor of 2), yet significantly lower resolution, especially in the aliphatic region from 15 to 35 ppm. Both observations are attributed to the effects of molecular motions, which result in conformational averaging and better resolution at higher C spectra were acquired on a Bruker Avance III 800 MHz spectrometer equipped with a triple-resonance 3.2 mm E-free probe at a 14 kHz MAS rate, whereas 15 N spectra were collected on a Bruker Avance III 600 MHz equipped with a triple-resonance 3.2 mm probe at 12 kHz MAS. Data were processed with 10 Hz exponential line-broadening before Fourier transformation.
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temperatures, but also have averaging effects on the protoncarbon dipolar couplings. Consequently, the temperature-dependent resolution and intensity changes are not uniform across the spectrum: the averaging of dipolar interactions results in stronger intensity attenuation for carbonyl atoms (not shown), which are relatively weakly coupled to protons, compared to the proton-bonded aliphatic spins. Furthermore, the 1D 13 C CP-MAS spectra at temperatures lower than 250K (not shown) showed little improvement in CP enhancement, which thus had little effect on the improvement of the signal/noise ratio of multidimensional spectra collected at the same temperature (not shown).
The 1D CP-MAS 15 N spectra in Fig. 4 , C and D, exhibit a similar type of temperature dependence: the spectral intensity increases nonuniformly with decreasing temperature, whereas the resolution becomes worse. The region in the 15 N spectrum affected the most by the temperature increase is in the range of 100-115 ppm, which corresponds to the backbone resonances of Gly, Ser, and Thr. In agreement with this result is the resolution enhancement in the region of Ser/Thr C b resonances around 60-70 ppm, and the region of Gly C a resonances around 45 ppm in Fig. 4 , A and B. Moreover, the side-chain nitrogen atoms of amino acids such as Lys and Arg display extensive line-broadening, accompanied by a pronounced intensity reduction as the temperature is reduced from 280K to 255K. This phenomenon can be attributed only to the quenching of global motions that result in freezing of different conformations at these sites.
The INEPT experiment provides an alternative means to preferentially excite spectral regions that correspond to protein fragments of increased mobility. The observed temperature dependence of INEPT spectra is quite different from that of CP-MAS spectra: both intensity and resolution enhancements are observed at higher temperature (Fig. 4, E and F) , consistent with a higher degree of mobility. The lines' positions and shapes in the INEPT-MAS spectra are very similar to those in the CP-MAS spectra, most likely indicating that the motional averaging of proton-carbon dipolar couplings is incomplete, so one can observe mobile species in both through-space and through-bond excited spectra, as previously demonstrated for membrane-associated MBP (16) .
SSNMR spectroscopy-2D
13 C-13 C correlations
The line-broadening observed in 1D spectra at low temperatures is most likely due to the conformational inhomogeneity introduced by quenching of motions upon freezing. To further assess mobility, conformational heterogeneity, and the formation of ordered secondary structure in rmMBP upon binding actin, we acquired a series of 2D 13 C- 13 C correlation spectra at different temperatures, using both through-space and through-bond interactions as mechanisms for establishing correlations.
In Fig. 5, A and B, we show 13 C-13 C 2D spectra acquired with through-space DARR (46) mixing of 50 ms at 274K and 255K, respectively. Both spectra were acquired on sample 1 (G-actin polymerized and bundled with 13 C, 15 N-rmMBP). The spectrum that was obtained at 274K (Fig. 5 A) has a lower signal/noise ratio, with fewer groups of crosspeaks. This result is in fair agreement with the preliminary picture derived from 1D experiments: the increased mobility at higher temperatures causes averaging of carbon-carbon dipolar interactions and decreases the polarization transfer efficiency.
In contrast, the spectrum at 255K in Fig. 5 B shows all the expected backbone-backbone, backbone-side chain, and side chain-side chain correlations, although it also displays dramatically limited spectral resolution except for some isolated peaks. Because of the nature and length of DARR mixing, the low-temperature spectrum in Fig. 5 B likely shows multibond and possible interresidue correlations. An additional low-temperature carbon-carbon correlation that uses short SPC5 3 (47,48) mixing of 1.26 ms (Fig. 5 C) shows only onebond correlations. All crosspeaks are very broad in this spectrum, reflecting the heterogeneity of the actin/MBP complex.
From the resolution of the DARR and SPC5 3 spectra, it is already apparent that actin-bound MBP is likely to be structurally heterogeneous. We further used through-bond TOBSY (49, 50) spectroscopy to establish amino acid specific correlations at 5 C, where spectra have higher spectral resolution. The TOBSY mixing was chosen to be 8.4 ms to result in mainly one-bond correlations (Fig. 5 D) . The spectrum has higher resolution, but the transfer efficiency varies between different peaks. Most notably, C a /C b correlations due to threonines around 60/70 ppm in F 1 /F 2 dimensions are quite weak, although the C b /C g correlations around 70/20 ppm are very pronounced.
MBP is an IDP and yields poorly dispersed NMR spectra when in unbound form, with most backbone chemical shifts having random coil values (55) . The information content and the resolution of the TOBSY spectrum are sufficient to enable conclusions to be drawn about the formation of secondary structure in MBP in actin-associated form. (60) . Furthermore, both types of secondary structure, a-helical and b-strand, are detected. Similarly, the presence of induced secondary structure is observed in the C a /C b regions of threonines, and of valines and prolines (Fig. 6 ).
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All of the examples above prove the formation of different regular secondary structure elements, both a-helices and b-strands. This is the first unequivocal experimental demonstration of the formation of b-strands in 18.5 kDa MBP in association with proteins, as opposed to lipids (11) . Although site-specific information is not available at this stage, further insights into secondary structure formation can be derived from comparisons of the carbon chemical shifts of rmMBP in its actin-bound form with the recent chemical shift assignment obtained for rmMBP in aqueous solution containing 100 mM KCl (55) , where the protein exists in extended unstructured form, and with the assignment in 30% trifluoroethanol (TFE) (37) , where MBP contains several restrained regions, particularly three a-helical segments (15) .
There are 11 alanines in the recombinant murine MBP. Almost all of the alanyl peaks are poorly dispersed and clustered around the random coil values in both KCl and 30% TFE solutions (37, 55) . In contrast, the alanyl C a shifts become dispersed over a 5-6 ppm range, unambiguously showing the presence of both a-helical and b-strand structures. Another example is provided by well-dispersed C b shifts in the range of 66.8-71.9 ppm of the Thr C b -C g region, for actin-bound MBP, as depicted in Fig. 6 B. In contrast, in KCl and 30% TFE solutions, no threonines are found in any of the locally ordered elements, and the coil chemical shifts of these residues suggest they are in a random coil formation (60) .
Of 10 Thr residues in full-length rmMBP, seven are located in the N-terminus (Thr 15 C correlation spectra of uniformly 13 C, 15 N-labeled rmMBP in the rmMBP-actin complex. In all experiments, the indirect and direct acquisition times were 7.6 and 12 ms, and the spectra were apodized with a p/2-shifted sine-squared window function before Fourier transformation. The first contour is cut at 4.5 times the noise floor and each subsequent contour level is multiplied by 1.15. The regions indicated by dashed rectangles are expanded in Fig. 6 for secondary structure analysis. (A and B) Aliphatic regions of DARR experiments collected at 274K and 255K, respectively, at 600 MHz. Both DARR spectra were acquired with 64 scans per t 1 point. (C) Aliphatic region of the SPC5 3 double-quantum correlation spectrum collected at 600 MHz, 248K, and with 56 scans per t 1 point. All crosspeaks in this spectrum are negative, indicating that they are all due to one-bond correlations. (D) Aliphatic region of TOBSY spectrum collected at 278K, at 800 MHz, with 128 scans per t 1 point.
The high population of these residues in the N-and C-termini implies that the terminal regions are particularly affected by the interaction with actin.
A more site-specific analysis of induced order can be (12) (13) (14) (15) (16) . This correlation suggests, albeit circumstantially, the formation of an a-helix in the proximity of the immunodominant epitope, but this time in association with actin, not lipids. Fig. 7 shows a schematic comparison of induced secondary structure elements for rmMBP associated with lipid vesicles, and the potential regions containing ordered secondary structure elements as predicted here from the chemical shift information of Val, Ala, and Thr.
Biological significance
Because of its genetic diversity (different transcription start sites and numerous translocatable splice isoforms) and extensive posttranslational modifications, it is believed that MBP must play further roles in myelin development and maintenance beyond mere membrane adhesion (3). Shiverer transgenic mice that lack the MBP gene exhibit both substantial hypomyelination of CNS neurons and myelination of inappropriate targets (61) , whereas oligodendrocytes cultured from these mice display extensive cytoskeletal disorganization and an abundance of aberrant processes (62) . Polymerization of actin in the CNS causes movement of the leading edge of membranous cellular processes. The extension of these cellular processes, in turn, forms myelin (63, 64) . Such in vivo evidence, collectively with in vitro studies of the 18.5 kDa protein's interactions with cytoskeletal proteins (see Introduction), suggests that it is involved in cytoskeletal assembly during myelin formation, and in its maintenance (assembly and tethering to the membrane) in mature myelin.
This multifunctionality is directly related to the intrinsically disordered nature of MBP. Some IDPs are thought to function merely as springs or linkers (i.e., entropic chains). Often IDPs associate rapidly (but still specifically) with one or multiple binding partners (65) , and thus function as hubs in protein interaction and signaling networks, or as molecular switches in transcriptional and translational control. Their binding affinities can be regulated by modifications such as phosphorylation. The intermolecular associations of IDPs may involve preformed structural elements such as a-helices, potentially transient, and/or an induced fit, i.e., coupled folding and binding (8) (9) (10) 17) .
CONCLUSION
Here, we have used FTIR and MAS SSNMR spectroscopy to show that 18.5 kDa rmMBP in association with F-actin exhibits induced secondary structure formation, albeit with a high degree of polymorphism and disorder remaining. These results are reminiscent of the protein's conformational behavior upon association with lipid vesicles, which was shown in our previous study (also by MAS SSNMR) in which at least one-third of the protein remained exposed to solvent and was mainly disordered (16) . In our solution NMR investigations of MBP binding to Ca 2þ -CaM (15), we discussed the interaction in the framework of the MoRF hypothesis (17) . In the framework of the more extensive discussion of ''fuzzy complexes'' by Tompa and Fuxreiter (66) , the MBP-Ca 2þ -CaM (and potentially MBP-SH3-domain) interaction can best be described by a ''dynamic fuzziness'' (flanking) model, whereas the MBP-actin association studied here may represent an example of ''static fuzziness'' (polymorphism).
In conclusion, if MBP regulates or maintains cytoskeletal assembly in developing and mature myelin, it must have both a static nature (to maintain membrane adhesion) and a significant dynamic component to allow it to interact with actin, tubulin, CaM, SH3-domains, and various modifying enzymes. In terms of the prevailing paradigms of IDPs, MBP behaves like both an entropic spring or linker, and an induced fit protein target that may have additional roles in signaling.
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